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ABSTRACT 22 23 Experimental work has revealed many genes and pathways affecting flowering time in 24 Arabidopsis thaliana. Despite this, it has been difficult to reveal whether these genes also 25 contribute to the natural variation in flowering-time in the worldwide population. Using a new 26 polygenic association mapping method, we earlier revealed 33 loci associated with flowering 27 time variation in the wild collected A. thaliana accessions from the 1,001-genomes project. 28
Together they explained 66% of the additive genetic variation in time to flowering at 10°C in 29 the greenhouse. Here, we explore how these loci together contribute to the flowering time 30 variation between genetically defined subpopulations collected from the native range of the 31 species. For some loci both alleles were present in all populations, whereas for others one of 32 the alleles was missing in some subpopulations. The globally segregating alleles contributed 33 mostly small individual effects, but together captured the overall pattern of early to late is that some polymorphisms only lead to small changes the phenotype, making them hard to 66 detect in genome-wide studies where significance thresholds are by necessity very stringent 67 (Collins et al., 2007; Kopp and Hermisson, 2009 ). Such minor effect polymorphisms could, 68 however, together facilitate rapid selection responses by changing the frequency of available 69 standing variants across many such loci (Teotónio et al., 2009; Orozco-terWengel et al., 2012; 70 Burke et al., 2014) . Another possible reason is the confounding between adaptive alleles and 71 the genome-wide genotype of the adapted populations. This confounding leads to an excess of 72 false positive associations if not corrected for, and often a reduction in statistical power if the 73 current methods to account for it are used. The loss of power due to corrections for the effects 74 of population structure is a particular problem in studies of flowering time adaptation in 75 natural populations. This as adaptation to a great extent has taken place along a north-south 76 cline, leading to a confounding between locally adaptive alleles and other changes throughout 77 the genome due to other population genetics forces other than selection on flowering time. It 78 is therefore a considerable challenge to statistically detect adaptive polymorphisms with small 79 effects, and especially when they are confounded with population structure. As a result, the 80 polygenetic basis for flowering time adaptations across the native range of A. thaliana is still 81 relatively unexplored. Nonetheless, it is essential to gain a deeper insight into the polygenic 82 basis of this trait to explore the joint contributions by major and minor effect loci to local and 83 global environmental adaptation. 84
85
We have earlier developed and used a new statistical approach to map 33 loci contributing to 86 the polygenic basis of flowering time in 1,004 wild collected Arabidopsis thaliana accessions 87 from the 1,001-genomes project (Zan and Carlborg, 2017) . Together these loci contribute 55 88 (66)% of the total (additive) genetic variance in this dataset. Here, we explore how these loci 89 Figure S1 . The two phenotypes were highly correlated (Pearson correlation = 112 0.88; P< 2.2 x 10 -16 ; Figure S2 ), and for clarity we therefore focus on the results for flowering 113 time at 10°C (FT10) here. 114
115
There was a significant latitudinal cline for FT10 (Pearson correlation = 0.37; P < 2.2 x 10 -16 ; 116 Figure 1A and 1D) and a significant correlation between FT10 and the mean temperature at 117 the sampling locations for the accessions (Pearson correlation = -0.31; P < 2.2 x 10 -16 ; Figure  118 1B). There was also a substantial variation in the correlation between FT10 and temperature, 119 and FT10 and Latitude, among the genetically defined and geographically separated 120 subpopulations defined by (Alonso-Blanco et al., 2016) in their admixture analysis of this 121 population ( Figure 1D ). The proportion of the total genetic variance that was additive for 122 FT10 was 82%, as estimated by fitting the IBS (Identity By State) kinship matrix estimated 123 from the genotyped SNPs in standard mixed model analysis (Zan and Carlborg, 2017) . Our assumption in the analyses is that the allele-frequency differences between the 138 subpopulations across these loci, which in its most extreme form will be the complete 139 presence/absence of alleles, will provide information about the genetic architecture of global Figure 2B ). In particular the late flowering north Swedish 151 accessions have high frequencies for late flowering alleles across many loci. The overall 152 pattern of the allele-frequencies across the populations ( Figure 2B ) suggested that populations 153 from nearby geographic locations had a greater overall similarity in allele-frequencies across 154 the loci. Analyses to cluster the sub populations based on the allele frequencies across these 155 33 loci ( Figure 2C ), and the pairwise correlations of the allele-frequency spectrums between 156 the populations ( Figure S3 ), both support this. This shows, for example, the close relationship 157 between the accessions from Germany and Central Europe ( Figure 2B , Figure 2C ). An 158 exception from this general trend was that the relatively late flowering accessions from 159 southern Sweden were overall more similar to the earlier flowering accessions from Central 160
Europe and Germany, than to the late flowering accessions from northern Sweden. This 161 observation will be explored in greater detail later in this report. 
213

Contribution by local alleles to subpopulation differentiation 214
We next explored the loci with alleles that are rare (MAF < 0.1) in at least one of the 215 populations in more detail (Figure 4 ). Across these loci, the allele frequency spectrums for the 216 late flowering Swedish accessions were more similar (compare with Figure 2B Figure S4 ). When predicting the flowering times in the subpopulations using 225 this set of loci, their primary contribution appears to be to facilitate more extreme adaptations 226 of particular subpopulations than the global alleles ( Figure 3A) . In contrast to the global 227 alleles, there is not only generally larger allele-frequency differences between the populations 228 for the local alleles, this group is also enriched for alleles with large effects ( Figure 3B ). They 229 also individually explain larger proportions of the phenotypic variance ( Figure 3B ), and 230 together contribute 38% of the phenotypic variance in the population. Together, these results 231 suggest that flowering-time adaptation of the subpopulations results from shifts in the allele 232 frequencies of global alleles ( Figure 2B ), and that more extreme (for example northern 233 
245
Long-range LD between adaptive loci 246
The pairwise LD (D') between the 33 associated loci is illustrated in Figure 5 . In total, 33 247 pairs have a significant long range LD (see Materials and Methods) and some loci have it with 248 several other loci on either the same or different chromosomes ( Figure 5) . 249 
254
We explored four groups of genes defined by the four loci that were in long-range LD with 255 more than three other loci in more detail. A literature review suggested functional connections 256 between candidate genes in three of these four clusters. One group contained several genes in Martin-Trillo, 2006) ( Table 1 ). The minor alleles of the four loci that defined these groups via 263 the long-range LD to the other alleles were enriched in specific geographic regions. One allele 264 on chromosome 2 (15,044,483bp) was found primarily in Sweden, the other on chromosome 265 2 (9,048,513bp) in northern Sweden and the one on chromosome 3 (7,240,079bp) in Asia 266 ( Figure 2B ). Together this suggests an importance of these pathways for local adaptation in 267 these geographic regions. 268 269 earlier shown that the use of a more sensitive, false discovery rate based polygenic mapping 289 approach could reveal many more adaptive loci in this population (Zan and Carlborg, 2017) . 290
These loci were inferred using a 15% false discovery rate, meaning that a few of the 33 loci specific local adaptations is that the plant is naturally restricted to its native range over their 318 lifespan and that self-pollination in Arabidopsis thaliana slows down the long distance 319 spreading of new genetic variants. Hence, newly emerged alleles with large beneficial 320 adaptive effects can quickly sweep to high frequency in local populations, but long distance 321 spreading of those alleles will take longer in this selfing plant, although it does happen due to 322 human or animal activities (Tilman and Lehman, 1987 ). An example that is a likely 323 consequence of human or animals is the large-effect allele in the locus on chromosome 5, 23 324
Mb. Here, the strong allele is present at high frequency in northern Sweden and in a relict (Figure 4 ). We note that this population has a significantly higher within 332 population variation in flowering time (P = 1.1 x 10 -6 ; Brown-Forsythe test) than the other 333 populations (Figure 2A ). The reason for this is not known, but a possible explanation could be 334 that these strong alleles have contributed to specific local adaptations in this subpopulation. 335
Further studies of these effects would be valuable to evaluate the possible contributions of 336 these alleles to local adaptations. 337
338
Four of the associated loci displayed a long-range linkage-disequilibrium (LD) to several 339 other associated loci. These alleles were enriched in relatively distinct areas, suggesting that 340 they have emerged and spread locally. The observed long-range LD might thus be a result of a 341 confounding with population structure, but as they were detected in a statistical multi-locus 342 analysis accounting for population-structure, we consider this unlikely as they capture 343 variation that could not be explained by the other loci. The observation that in three of the 344 four cases the loci involve candidate genes in related biological pathways instead suggests the 345 LD could result from co-selection of multiple functionally connected loci. Further work is, 346 however, needed to confirm this hypothesis that, in several cases, parallel evolution of alleles 347 in multiple loci of the same biological pathway has been a key mechanism for local 348 adaptation. 349
350
In conclusion, our study finds that the variation in flowering times between the studied A. identified in a previous study (Zan and Carlborg, 2017) . from the local alleles were estimated by 1 1 , where X1 is the genotype matrix of the local 389 alleles and 1 is the corresponding estimated effects from model (1). Contributions from the 390 global alleles plus kinship were then estimated by subtracting 1 1 from the fitted value. 391
Then, estimates for each subpopulation were obtained by averaging the individual estimates 392 obtained for each accession. 393 394
Testing for significant long-range Linkage Disequilibrium 395
An empirical significance threshold was derived to test for significant long-range LD between 396 the loci associated with flowering time at 10°C. An empirical null distribution was obtained 397 via 1,000 simulations, where in each the same number loci as detected in the association 398 analysis were simulated with allele frequencies being the same as those of the associated loci. 399
In each simulated dataset, all pairwise LD (D') values were calculated and saved to generate a 400 null distribution for the significance test. We used the 0.99 quantile (corresponding to a D' 401 value of 0.96) as cut-off in our analyses. 
